Free transition metal ions oxidize lipids and lipoproteins in vitro; however, recent evidence suggests that free metal ion-independent mechanisms are more likely in vivo. We have shown previously that human ceruloplasmin (Cp), a serum protein containing seven Cu atoms, induces low density lipoprotein oxidation in vitro and that the activity depends on the presence of a single, chelatable Cu atom. We here use biochemical and molecular approaches to determine the site responsible for Cp prooxidant activity. Experiments with the His-specific reagent diethylpyrocarbonate (DEPC) showed that one or more His residues was specifically required. Quantitative Transition metal ions such as Cu and Fe are extremely effective promoters of oxidation reactions and can cause the oxidative modification of low density lipoprotein in vitro (1, 2). The involvement of free metal ions in oxidation processes in vivo has been questioned because most of these ions are linked to prosthetic groups or are tightly sequestered by specific binding proteins, and thus the level of free Cu (and Fe) in plasma and interstitial fluids is extremely low (3). In addition, recent mass spectroscopic analysis suggests that the oxidized lipid ''fingerprint'' exhibited by human atherosclerotic lesions is not consistent with free metal-catalyzed processes (4). In view of these findings, recent attention has focused on the investigation of free metal ion-independent mechanisms, such as those using peroxidases (5, 6), and on metal-binding proteins (7-9), which can promote LDL oxidation.
Transition metal ions such as Cu and Fe are extremely effective promoters of oxidation reactions and can cause the oxidative modification of low density lipoprotein in vitro (1, 2) . The involvement of free metal ions in oxidation processes in vivo has been questioned because most of these ions are linked to prosthetic groups or are tightly sequestered by specific binding proteins, and thus the level of free Cu (and Fe) in plasma and interstitial fluids is extremely low (3) . In addition, recent mass spectroscopic analysis suggests that the oxidized lipid ''fingerprint'' exhibited by human atherosclerotic lesions is not consistent with free metal-catalyzed processes (4) . In view of these findings, recent attention has focused on the investigation of free metal ion-independent mechanisms, such as those using peroxidases (5, 6) , and on metal-binding proteins (7) (8) (9) , which can promote LDL oxidation.
Studies by us (10) (11) (12) and others (13) (14) (15) show that the copper protein ceruloplasmin (Cp) exhibits potent oxidant activity toward LDL in vitro. Cp is a plasma glycoprotein containing about seven Cu atoms per molecule and Ϸ95% of the total plasma Cu (see refs. 16 and 17 for review). It is a 132-kDa monomer comprised almost entirely of three major domains that have 35-40% sequence homology to each other (18) and to three homologous domains in factors Va and VIIIa (19) . Cp is an acute phase reactant that exhibits a 2-to 3-fold increase over the unevoked concentration of 300 g͞ml in adult plasma. After myocardial infarction and other diseases accompanied by severe inflammation, the Cp and Cu content of human plasma changes in parallel, indicating a tightly coupled process or at least coordinate regulation (20) . Highly purified human Cp (21) increases LDL oxidation by up to 50-fold at subphysiological concentrations. Flame atomic absorption spectroscopy shows that Chelex 100 (but not extensive dialysis) removes one of the seven Cu atoms and totally inhibits the prooxidant activity, revealing the critical role of a single Cu (12) . Inactivation by Chelex 100 is not due to gross or irreversible alterations in protein structure because the distinct ferroxidase activity of Cp is not altered, and prooxidant activity of Chelex 100-treated Cp is completely restored upon repletion with CuSO 4 . The function of Cp prooxidant activity is not known, but it may be involved in host defense; a reported bactericidal activity indicates that Cp may participate in the inflammatory response to foreign agents (22) . Inflammatory cytokines induce production of Cp by monocytic cells (23, 24) .
The removal of Cp prooxidant Cu by a solid-phase chelator suggests that the atom may be located at or near the surface of the protein. Oxidative damage by Cu exposed at protein surfaces has been proposed as a cause of tissue damage by certain Cu, Zn superoxide dismutase (SOD1) mutants in familial amyotrophic lateral sclerosis (25) (26) (27) , and amyloid precursor protein in Alzheimer disease (28) . In contrast, Cu sequestration by binding proteins may afford protection from Cu-induced oxidant injury. The high susceptibility to Alzheimer (and cardiovascular) disease in populations with a high prevalence of the E4 allele of apolipoprotein E (29) may be due to the weak Cu binding and low antioxidant activity of E4 (compared with other isoforms) (30) .
Little is known about the specific environment of a protein surface that permits Cu to bind and exhibit prooxidant activity. In this report we use biochemical and molecular approaches to show that the Chelex-removable, prooxidant Cu is bound to Cp via a single, specific His residue, in a site located in a narrow valley within the second major sequence homology domain. Cp presents an effective model system for molecular studies of the mechanisms of oxidative damage by Cu atoms bound to protein surfaces and of the specific protein environment necessary for this activity.
Coomassie-stained SDS͞PAGE gels and was verified by an absorbance ratio (610 nm͞280 nm) higher than 0.045. Densitometric analysis of immunoblotted SDS͞PAGE gels showed that Ϸ80-85% was present as the intact, oxidant 132-kDa form of Cp. Chelex 100 was from Bio-Rad. Diethylpyrocarbonate (DEPC), [ 14 C]DEPC (2.6 mCi͞mmol), hydroxylamine, and other assay reagents were from Sigma. Human LDL (density ϭ 1.019-1.063 g͞ml) was prepared from freshly drawn, citrated, normolipemic plasma by sequential ultracentrifugation. PCR was done using oligonucleotides from Operon Technologies (Alameda, CA), and Pfu polymerase was from Stratagene.
Construction of Cp Expression Vector, Mutagenesis, and Cell Transfection. A full length human Cp cDNA engineered to contain a consensus Kozak sequence for translation (generously provided by Jonathan Gitlin, Washington University) was subcloned into the HindIII site behind the cytomegalovirus promoter of the mammalian expression vector pcDNA3͞ Amp (Invitrogen). The integrity and orientation of the insert was verified by restriction mapping and sequencing. Mutagenesis of the Cp coding region was done using the PCR-based megaprimer method (31) and was verified by DNA sequencing. Plasmid DNA was transiently transfected into COS-7 cells using lipofectamine in serum-free OptiMEM medium. The medium was replaced with fresh serum-free medium and collected after 48 h.
Assay Methods. Lipoprotein oxidation was measured as formation of thiobarbituric acid-reacting substances by a modification of the method of Schuh et al. (32) . Ferroxidase activity of Cp was measured by an ''in-gel'' assay in which Cp-catalyzed oxidation of ferrous ion, in the presence of acidified potassium ferrocyanide, results in the formation of Prussian blue (24, 33) . To measure LDL oxidation, cell-conditioned medium was concentrated by ultrafiltration using Centricon-30 filters (Amicon, Beverly, MA) and washing with PBS. The concentrate was incubated with LDL (0.5 mg cholesterol͞ml), xanthine (1 mM), and xanthine oxidase (0.15 munits), and oxidation was measured after 24 h as thiobarbituric acid-reacting substances. Cp in the conditioned medium was determined by immunoblot analysis using rabbit anti-human Cp IgG (Accurate Chemicals) and visualization by chemiluminescence (enhanced chemiluminescence, Amersham).
RESULTS
The Role of His Residues in Cp Prooxidant Activity. Cu is often bound to proteins via coordination with one or more His imidazole rings. We thus examined the ability of the Hisspecific modifier DEPC (34) to block the binding of the prooxidant Cu to Cp using a strategy involving Cu removal, DEPC treatment, and finally Cu repletion. Native Cp increased LDL oxidation by more than 10-fold ( Table 1) . Pretreatment of Cp with Chelex 100, under conditions that remove a single Cu atom (12, 35) , blocked oxidation. The activity was completely restored upon subsequent incubation with CuSO 4 (followed by dialysis to remove unbound Cu) as described (12) . In contrast, when Chelex 100-inactivated Cp was pretreated with DEPC, subsequent incubation with CuSO 4 did not restore prooxidant activity, indicating the importance of one or more His residues. Controls showed that the inactivation by DEPC was not due to nonspecific inactivation of Cp because treatment of native Cp with DEPC did not inhibit prooxidant activity. Because the specificity of DEPC for His is not absolute [it has limited reactivity toward Cys, Lys, and Tyr (36) ], the spectral absorbance shift and reversibility by hydroxylamine (36) were examined, and the results were found to be consistent with specific His modification (not shown).
The number of His residues involved in the binding of the prooxidant Cu was quantitated by measuring the amount of DEPC bound to native and Chelex 100-treated Cp by the absorbance change at 244 nm and by the binding of (Table 2 ). These residues are likely to reflect those at or near the protein surface, not coordinated to Cu, and accessible to DEPC. Prior removal of the prooxidant Cu by Chelex 100 increased the number of DEPC-modifiable residues by Ϸ0.7-0.8 nmol͞nmol of Cp. When Chelex 100-treated Cp was repleted with Cu and then DEPC binding was measured, the data (from both methods) suggest that Ϸ1.1 additional His residues were exposed in Chelex 100-treated Cp. These data are consistent with a model in which a single DEPC-modifiable His residue was exposed by removal of the prooxidant Cu.
Biochemical Localization of the Prooxidant Cu Domain. Limited proteolysis of [ 14 C]DEPC-labeled Cp was used to determine the location of the prooxidant Cu site in Cp. Native Cp was pretreated with unlabeled DEPC to block exposed His sites not involved in prooxidant Cu binding. The prooxidant Cu was subsequently removed with Chelex 100, and newly exposed His was reacted with [ 14 C]DEPC. The labeled protein was cleaved by limited plasmin digestion and subjected to SDS͞ PAGE. Coomassie blue staining showed identical fragments in native Cp (Fig. 1A, lane 2) and in Cp pretreated with Chelex 
As controls to show that DEPC did not alter the activity of Cu-full Cp, native Cp was treated with DEPC (row 6), or CpCh100 was repleted with Cu before treatment with DEPC (row 7). TBARS, thiobarbituric acid-reacting substances; MDA, malondialdehyde. Purified human Cp (row 1) was pretreated with Chelex 100 to remove the prooxidant Cu (row 2) and then with 5 M CuSO4 to replete the Cu (row 3). The treated Cp preparations (10 M) were incubated with 1 mM DEPC in PBS for 1 h. The number of modified His residues was determined by the increase in A244nm, using a molar extinction coefficient of 3200 M Ϫ1 ⅐cm Ϫ1 . The difference compared with Chelex 100-treated Cp is shown in parentheses. Cp (5 nmol) was also incubated with 500 nmol of [ 14 C]DEPC for 1 h at 23°C in 0.5 ml of PBS. Unbound DEPC was removed by ultrafiltration using a Microcon-10 filter (Amicon), and bound [ 14 C]DEPC was measured by liquid scintillation counting. 14 C]DEPC labeling primarily in two fragments of Ϸ90 and 49 kDa (Fig.  1B) . Only the 49-kDa fragment showed higher labeling after removal of the prooxidant Cu (lane 4 vs. lane 2). N-terminal analysis gave a sequence consistent with S 341 SSKDNIRG-KHVRHYYIAA, a region near the N terminus of the second major sequence homology domain [ Fig. 2 ; we use the nomenclature in which Cp is comprised of three internally triplicated domains or ''homology units'' (18) ]. An unlabeled 32-kDa fragment gave a sequence consistent with S 482 VPPSAS-HVAPTETFTYEWT. By the difference between the labeled and unlabeled fragments, the critical His residue was determined to be in a 17-kDa region containing four His residues near the N terminus of domain 2. The x-ray structure of Cp (37) shows that three of the His residues in this region, His 351 , His 354 , and His 447 , are at the surface and that His 426 is in a shallow valley near the surface (Fig. 3 A and B) .
Fine-Mapping of the Prooxidant Domain of Cp by Mutagenesis.
To determine the specific His required for prooxidant activity, we used a mammalian cDNA expression system and site-directed mutagenesis. The megaprimer method (31) was used to modify the full length human Cp cDNA in pcDNA3͞ Amp (Invitrogen) so that each of the four candidate His residues was mutated to Ala in the protein product. The two adjacent residues, His 351 and His 354 , were also mutated in tandem. Plasmids containing wild-type and mutated Cp cDNA were transiently transfected into COS-7 cells using lipofectamine, and the conditioned medium was collected after 48 h. The medium was concentrated and added to LDL in the presence of xanthine and xanthine oxidase [an exogenous superoxide-generating system added to overcome the nonspecific inhibitory activity of secreted proteins (11)], and LDL oxidation was measured as thiobarbituric acid-reacting substances. The wild-type Cp and Cp-containing His-to-Ala mutations in positions 351, 354, 351, and 354 in tandem and 447 all had high and nearly equivalent prooxidant activity (Fig.  4A) . In contrast, Cp with a His-to-Ala mutation in position 426 had only slightly more than the mock-transfected control. Immunoblot analysis of conditioned medium using rabbit anti-human Cp IgG showed that the wild-type and all mutant Cp species were secreted to about the same extent (Fig. 4B) . To assess the possibility that the His 426 mutation caused a global disruption that inactivated the protein, a sensitive in-gel assay was used to measure the independent Cp ferroxidase activity. This activity of Cp is thought to require at least four and possibly all six internal Cu atoms (37), and we have shown previously that this oxidase activity of Cp is independent of the presence of the prooxidant Cu (12) . Conditioned medium from COS-7 cells transfected with plasmids containing Cp wild-type and Cp H426A cDNA exhibited nearly identical ferroxidase activity, showing that the absence of prooxidant activity was not due to a nonspecific global effect of the Cp H426A mutant (Fig. 4C) .
DISCUSSION
Most previous information on Cp structure and function has been derived from analogy to homologous copper-containing proteins. The results described here are the first to use cDNA mutagenesis and expression to directly probe the specific domain responsible for any Cp function. In addition, the recent elucidation of the x-ray structure of Cp by one of the authors (37) now permits functional analysis to be understood in the context of specific three-dimensional structures. The location of His 426 in the second domain is shown in a shadowed, space-fill model of Cp (Fig. 3C) . Our data suggest that His by equalizing distances between the Cu and all of its nearest neighbors (Fig. 3 D and E) . A ''stick- figure'' (Fig. 3F) . The prooxidant Cu site is near the bottom of a narrow ''valley,'' which is illustrated by a shadowing function of the molecular model (Fig. 3G ) and more clearly by (Fig. 3 G-I) . Rotation of the molecular model with the prooxidant Cu in place is shown in Fig. 3 J-L. Interest in proteins with Cu, or Cu-binding sites, at their surface has increased during the last several years, particularly in the areas of human vascular disease and neuropathology. Of the known proteins with a surface-exposed Cu atom, perhaps the best understood at the functional level is SOD1. The Cu site of SOD1 (Fig. 3N) appears to be only slightly less exposed than that of the prooxidant Cu in Cp (Fig. 3M ), but both Cu atoms are associated with short, isolated ␣-helical stretches forming one valley ''wall.'' Mutations in SOD1 are responsible for a clinically important form of familial amyotrophic lateral sclerosis. Recent studies suggest that not all familial amyotrophic lateral sclerosis-linked SOD1 mutations cause loss of dismutase activity. Some SOD1 mutations are thought to cause neuropathologic damage due to a ''gain-of-function'' in which unnatural substrates have access to the active site and are oxidatively damaged (or initiate oxidative processes) by Cumediated reactions (25) (26) (27) . A proposed mechanism for oxidative injury by SOD1 is that mutations near the Cu binding site increase the surface exposure of the Cu atom (25) , possibly to an extent comparable to that of Cp.
There is, at present, no structural model that explains in detail the prooxidant activity of Cu bound to protein surfaces. Identification of specific prooxidant sites is an important first step toward understanding the mechanisms of oxidant damage by Cp and its potential pathophysiologic role. Many important and fundamental questions remain unanswered, e.g., the redox nature of the prooxidant Cu, the possible role of oxo-His formation or a His protonation-deprotonation cycle in the oxidation process (38) , and the nature of the interaction among the prooxidant site and LDL and other substrates, to list just a few. In addition, Cp may serve as a model for understanding the structure and oxidative function of other Cu-containing proteins. Cp, with its three homologous domains containing very similar structures but with very different activities, may provide a unique experimental system for addressing basic questions of Cu-protein interactions and activities. The role of Cp oxidant activity in inflammation and other pathological processes is not known. The strong association of serum Cp and coronary heart disease (39, 40) and the presence of immunodetectable Cp in human atherosclerotic lesions (41, 42) are consistent with a role of Cp prooxidant activity in vascular disease progression. The new information on the specific prooxidant site of Cp should permit genetic approaches in which specific functions of Cp are altered in transgenic animals, providing a powerful tool for assessing the normal and pathological function(s) of Cp in vivo.
